The Action of Penicillin on the Growth Response of a Gram-negative Bacillus to Amino Acids and Peptides * by Simmonds, Sofia & Fruton, Joseph S.
THE ACTION OF PENICILLIN ON THE GROWTH
RESPONSE OF A GRAM-NEGATIVE BACILLUS
TO AMINO ACIDS AND PEPTIDES*
SOFIA SIMMONDS AND JOSEPH S. FRUTON
Since peptides are structural intermediates between amino acids and
proteins, they have also been assumed to be metabolic intermediates in the
biosynthesis of proteins from amino acids. Experimental evidence for this
view is meager, and, for this reason, it appeared desirable to conduct
systematic studies of the metabolism of peptides in microorganisms. In
particular, an effort has been made to find organisms whose protein
synthesis, as measured by the extent of growth, is promoted more effec-
tively by a given peptide than by the amino acids of which the peptide is
composed. Such an organism was found as a contaminant in a solution of
L-leucylglycine in 0.9 per cent sodium chloride. As reported previously,'
this organism (strain SF) does not grow to an appreciable extent in the
presence of an equimolar mixture of L-leucine + glycine, dissolved in saline.
In a more complex basal medium, containing inorganic phosphate, growth
occurs in the presence of a mixture of leucine + glycine; the lag period,
however, is longer than that observed with an equivalent amount of
leucylglycine.'1 It was of interest to find that, in the more complex basal
medium, the growth of strain SF in the presence of the amino acid mix-
ture was inhibited by penicillin at concentrations which did not exert an
inhibitory effect in the presence of the peptide.11
Several investigators have examined the relationship of penicillin action
to the amino acid metabolism of both Gram-positive and Gram-negative
organisms. Shwartzman9 has reported that the sensitivity of certain Gram-
negative bacilli cultured in a salt-glucose medium is counteracted to a
marked degree by dicarboxylic and basic amino acids and by cystine.
Gale8"' has found that Gram-positive cocci grown in the presence of
penicillin lose their ability to remove glutamic acid from the medium. This
effect has been attributed to an interference with the mechanism by which
certain amino acids are taken into the cell, and to the inhibition of the
"formation of a substance whose synthesis is essential for the assimilation
process to occur."' Hotchkiss7 has reported that the antibiotic prevents the
synthesis of protein by non-proliferating cells of Staphylococcus aureus and
causes the production of extracellular material presumed to be a poly-
peptide. Badger and Krampitz' have reported that the addition of penicillin
* From the Departments of Physiological Chemistry and of Microbiology. This
study was aided by a grant from the Rockefeller Foundation.
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to resting cells of S. aureus in a medium containing C14-glycine greatly
reduces the incorporation of C14 into the cellular nucleic acids. The data
reported previously'1 and the experiments presented in this communication
demonstrate that penicillin alters the nitrogen metabolism of strain SF,
and has a specific effect upon the assimilation of glycine by cultures in the
lag phase of growth. The hypothesis has been offered' that glycine assimila-
tion by strain SF involves the prior incorporation of the amino acid into
a peptide, and that the bacteriostatic action of penicillin is due to an
inhibition of peptide synthesis.
Strain SF is a motile, polar flagellated, and predominantly monotrichous,
Gram-negative bacillus. The motility is best observed in cultures incubated
at about 200; cultures grown at 370 are practically non-motile. The organ-
ism liquefies gelatin, and turns litmus milk alkaline. It forms neither acid
nor gas from glucose, lactose, or sucrose. The final pH of the media in the
fermentation tests is 8 or higher. In a synthetic medium composed of
inorganic salts, including phosphate and ammonium ions, the bacteria can
utilize glucose, glycerol, and acetate, but not citrate or formate, as carbon
sources. In the absence of phosphate, growth does not occur on glucose and
ammonium ions. At the suggestion of Dr. Einar Leifson,* Loyola Uni-
versity School of Medicine, strain SF has been classified as a member of
the genus Pseudomonas, rather than of the genus Alcaligenes as suggested
earlier.'0
Methods
The basal medium employed in these studies contained, per liter, 5 gm. NaCl,
0.2 gm. MgSO4 7H20, 2 gm. K2HP04, 1 gm. KH2PO4, and 1 ml. of a solution of
trace elements.6 The pH of this medium is about 6.8. All tests were carried out in
Evelyn colorimeter tubes containing the basal medium supplemented with the desired
concentrationst of test compounds (final volume 10 ml.) and sterilized in the auto-
clave for 15 minutes at 15 lbs. pressure. When glucose, or other carbon sources were
tested, the solution of the compound was autoclaved separately, and aliquots were
added to the sterile medium. The inocula were prepared as aqueous suspensions of
cells harvested from a 24-hour, peptone-yeast extract-agar slant. Approximately 108
cells, in 0.5 ml., were added to the medium in each colorimeter tube, except where
indicated otherwise. After inoculation, the tubes were incubated, in a slanted position,
on a shaker at 30°, and the extent of bacterial growth was measured turbidimetrically,
at intervals of 6 to 12 hours, in an Evelyn colorimeter equipped with filter No. 540.
It has been found that the optical density of such cultures is directly proportional to
the number of viable cells and to the protein-nitrogen content of the cultures.
The response of strain SF to the various amino acids and peptides tested was found
to vary with respect to the maximal extent of growth, to the duration of the lag
period (the interval between the time of inoculation and the appearance of measurable
turbidity-ca., 4 X 10' cells per 10 ml.), and to the generation time (the time required
* The authors are greatly indebted to Dr. Leifson for stained preparations showing
the monotrichous flagellum and for the data describing the motility of the organism.
t In what follows, the concentration of each test compound will be given in moles
per liter of medium.
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for the doubling of the optical density of a culture during logarithmic growth). In the
sections to follow, the response to each test compound is expressed in terms of these
three characteristics of the resulting growth curve. This method of presenting the data
is illustrated in Table 1, which describes the growth response of strain SF to 0.005 M
leucylglycine, leucine + glycine, leucine, or glycine.
In the experiments in which penicillin (penicillin G sodium salt-Pfizer) was used,
it was made up in a filter-sterilized, aqueous solution and was added to the sterile
media immediately prior to inoculation.
TABLE 1
A REPRESENTATIVE EXPERIMENT SHOWING THE GROWTH RESPONSE OF STRAIN SF
Final optical
Test compound Lag period Generation time density*
hours hours
L-Leucylglycine (0.005 M) 8 8 0.44
L-Leucine (0.005 M) +
glycine (0.005 M) 14 8 0.46
L-Leucine (0.005 M) 20 20 0.43
Glycine (0.005 M) 30 8 0.071
* A tube containing sterile medium has an optical density of 0.
Results-Growth of strain SF in glucose-free media
Growth response to L-leucylglycine. The maximal growth attained by
strain SF in the basal medium supplemented with leucylglycine (0.008 M
or higher concentrations) corresponded to an optical density of about 0.60
(ca., 2 X 1010 cells per 10 ml.). At concentrations below 0.008 M, the
extent of growth was a function of the initial concentration of leucylglycine.
The duration of the lag period and the generation time observed in the
presence of leucylglycine (0.001-0.04 M) were the same at all concentra-
tions. Although 5-100 Oxford units of penicillin per ml. had no effect on
the growth response to leucylglycine, a slight prolongation of the lag period
was observed with 500 Oxford units. In the latter case, however, some
killing of the cells occurred during the lag period.'
Growth response to equimtolar mixtures of L-leucine and glycine. In a
medium containing an equimolar mixture of leucine (0.005 M) + glycine
(0.005 M), the lag period was longer than that for leucylglycine (0.005 M);
however, the lag period for the amino acid mixture was shorter than that
for leucine (0.005 M) or for glycine (0.005 M) (Table 1). This relation-
ship held true for all concentrations of the above compounds in the range of
0.001-0.01 M.
The lag periods in media containing equimolar mixtures of leucine +
glycine, at concentrations of 0.001-0.008 M, were approximately the same,
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but, above 0.008 M, the lag period was markedly greater, and, at 0.04 M, no
growth was observed. The maximal optical density and, to some extent, the
growth rate were increased as the concentration of the amino acids was
raised from 0.001 M to 0.008 M. However, at the 0.008 M level, the growth
curve had a definite diphasic character; the curve rose rapidly at first and,
after a short period during which the slope was greatly reduced, a second
rapid rise was seen. The slope of the second rise in the growth curve was
less steep at a concentration of 0.01 M than at 0.008 M, and, at 0.02 M, there
was no second rise. At 0.02 M, the final optical density of the culture was
only about half that for the 0.005 M level.
When penicillin (5 Oxford units per ml.) was added to the medium
containing the amino acid mixture at a concentration of 0.005 M, a marked
prolongation of the lag period was noted.' At a lower amino acid concen-
tration (0.001 M), penicillin exerted no measurable effect, but the inhibitory
action of penicillin became more pronounced as the amino acid concentra-
tion was increased, reaching a maximum at the 0.005 M level. Despite its
effect on the lag phase of growth, the antibiotic did not alter the generation
time. Earlier studies'1 had shown that, at a level of 5 Oxford units per ml.,
penicillin had no appreciable bactericidal effect under these experimental
conditions.
Growth response to L-leucine. In contrast to the relatively limited growth
obtained with high concentrations of leucylglycine, the extent of growth
on leucine increased as the initial concentration of the amino acid was
raised from 0.001 M to 0.05 M. At the latter concentration, the optical
density attained was about 1.10 (4 X 1010 cells per 10 ml.). However, in
the concentration range 0.001-0.008 M, leucine produced growth equal in
extent to that caused by equivalent concentrations of leucylglycine, or of a
mixture of leucine + glycine.
It is of interest that the carbon and nitrogen of leucine (0.005 M) are
utilized for growth to the same extent as is carbon and nitrogen supplied in
the form of glucose (0.005 M) and ammonium chloride (0.005 M). Both
the lag period and the generation time are much shorter in the glucose-
ammonium chloride medium (11 and 4 hours respectively) than in the
leucine medium.
The addition of as little as 0.001 M glycine to a medium containing
leucine at any concentration tested shortened both the lag period and the
generation time characteristic of growth in the presence of leucine alone.
However, the presence of ammonium chloride (0.001-0.005 M) in a
medium containing leucine did not alter the growth response to the amino
acid. The stimulating effect of glycine was not due, therefore, solely to its
function as a readily available source of nitrogen.
The effect of penicillin on the growth response of strain SF in media
containing leucine alone was similar to that noted with leucylglycine; the
antibiotic also had no effect on the growth in the glucose-ammonium
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chloride medium. The inhibitory action of penicillin in a medium containing
a mixture of leucine + glycine has been ascribed, therefore, to a specific
effect upon the ability of the organism to assimilate free glycine.'
Growth response to glycine. In the presence of glycine as the sole source
of carbon and nitrogen, the growth of strain SF was less than that noted
with equivalent amounts of leucylglycine, leucine, or a mixture of leucine
+ glycine (Table 1). Even when the extent of growth produced by these
nutrients was compared on the basis of the carbon supplied by each test
compound, glycine was found to be utilized much less efficiently than were
either leucylglycine or leucine. At concentration levels from 0.001 to 0.02 M,
glycine permitted growth up to an optical density of 0.17. However, at
0.04 M glycine, no growth was observed, thus showing that, at high concen-
trations, this amino acid inhibits the growth of strain SF. In general, the
duration of the lag period in the presence of glycine was increased as the
initial concentration of the amino acid was raised. At a concentration of
0.005 M, the lag period was about 30 hours; at 0.02 M, it was 90-100 hours.
Five Oxford units of penicillin had no inhibitory effect in the presence
of 0.001 M glycine, but, at glycine concentrations of 0.003 M or higher,
penicillin inhibition was very marked. The most pronounced prolongation
of the lag period by penicillin was observed with 0.005 M glycine. Concen-
trations of penicillin above 5 Oxford units per ml. caused relatively more
inhibition, but also resulted in the killing of a large proportion of the
bacteria. The bactericidal action of high concentrations of penicillin was
always much greater in media containing glycine, or glycine supplemented
with leucine, than in media containing leucylglycine or leucine.
Utilization of the nitrogen of glycine for protein synthesis. It appeared
of interest to determine the relative extent to which the nitrogen atoms of
leucine and of glycine were utilized for protein synthesis, either when sup-
plied in the form of leucylglycine or in the form of a mixture of the two
amino acids. For this purpose, use was made of N'5 labeled glycine,8 con-
taining 32.366 atom per cent excess N15, and of L-leucylglycine, containing
31.432 atom per cent excess N'5 in the glycine-nitrogen. The isotopic
peptide was synthesized in the manner described previously for the non-
isotopic compound.2 The isotopic leucylglycine and a mixture of leucine +
isotopic glycine were dissolved in the basal medium, which was then
dispensed, in 10 ml. volumes, into Evelyn colorimeter tubes. After the
usual sterilization and inoculation procedures, the culture tubes were
incubated on a shaker at 30°. In Experiment I, the cultures were allowed
to grow to completion (optical density ca. 0.43-0.48); in Experiment II,
culture tubes were removed from the incubator at intervals so the N15
content of the bacterial proteins could be measured at stages in the loga-
rithmic phase of growth, i.e., when the optical density was approximately
0.1 or 0.25.
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As soon as the culture tubes were taken from the incubator, trichloro-
acetic acid was added to each tube to give a 6 per cent solution. In order to
provide sufficient protein-nitrogen for the N15 analyses, the contents of
several tubes were pooled and worked up together. After centrifugation,
the trichloroacetic acid precipitate was resuspended in a 6 per cent tri-
chloroacetic acid solution, left in the ice box overnight, and then was
washed several times more with 6 per cent trichloroacetic acid. In Experi-
ment I, in which two sets of tubes were used for each test medium, the
precipitate from one set was washed 3 times, and that from the other set,
4 times. N15 analyses showed that 3 washings were sufficient to free the
precipitated proteins from soluble compounds containing isotopic nitrogen.
In Experiment II, therefore, the trichloroacetic acid precipitates were
washed only 3 times. The washed proteins were at once suspended in
approximately 50 per cent sulfuric acid, and the nitrogen content of the
material was determined by the Kjeldahl method. At maximal growth, the
bacterial protein-nitrogen amounted to about 17 per cent of the nitrogen
supplied in the media in the form of leucylglycine or as the mixture of
leucine + glycine.
The ammonia obtained in the Kjeldahl-nitrogen determination was
analyzed for N'5. In Experiment I, the isotopic ammonia from the bacterial
proteins was analyzed directly; in Experiment II, the ammonia was diluted
with a known amount of non-isotopic ammonia prior to the N15 analysis.
The results of these experiments are given in Table 2. The data in the last
column of the table show that the cell proteins always contained more
leucine-nitrogen than glycine-nitrogen, i.e., less than 50 per cent of the
protein-nitrogen was derived from the glycine in the medium. The isotope
content of the protein from cells grown on the dipeptide and on the amino
acid mixture did not change appreciably during the period of growth in
these experiments. Thus, despite the fact that glycine stimulates the growth
response of strain SF to leucine, the nitrogen of glycine was not used
preferentially during the period up to the time of one-fourth maximal
growth.
The data also suggest that more glycine-nitrogen was used for protein
synthesis when the cells were supplied with free glycine than when they
received leucylglycine. While the differences between the N15 utilization
of leucylglycine and of glycine supplemented with leucine were not very
great, the utilization of the nitrogen of free glycine was higher in every
case. The difference was evident even when the cells from a medium con-
taining isotopic leucylglycine, non-isotopic glycine, and leucine were com-
pared with cells from a medium containing leucylglycine, isotopic glycine,
and leucine.
An experiment with isotopic glycine and leucylglycine also was carried
out in an attempt to determine the effect of penicillin on the incorporation,
into the bacterial proteins, of glycine-nitrogen supplied either in the free
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amino acid or in the peptide. This test was run as part of Experiment II,
and was identical with those described above except for the presence of
5 Oxford units of penicillin per ml. of medium. The data obtained are given
TABLE 2
N' EXPERIMENTS WITH STRAIN SF GROWN IN GLUCOSE-FREE MEDIA
I
I
II
II
I
I
II
II
Test compound*
L-Leucylglycine*
(0.005 M)
L-Leucine (0.005 M) +
glycine* (0.005 M)
I L-Leucylglycine* +
I glycine + L-leucine
(0.0025 M of each)
I L-Leucylglycine +
I glycine* + L-leucine
(0.0025 M of each)
IIpil L-Leucylglycine*
(0.005 M)
IIpil L-Leucine (0.005 M) +
IIplf glycine* (0.005 M)
IIp¶f
Optical
density
of
culture
0.43
0.46
0.25
0.099
0.48
0.43
0.25
0.11
0.37
N' Analysis
Dilution
of
sample
0
0
3.189
2.735
0
0
2.976
2.259
N1 in N'1 in
diluted cell
sample protein
atom % atom %
excess excess
11.655i:
11.525§
3.469 11.06
4.059 11.10
13.205t
13.525§
4.709 14.01
6.162 13.92
0
0.41 0
0.45
0.45
0
0
6.060i: 38.5
6.763§ 41.8
0.28 2.897 3.797 11.00
0.33 2.694 5.103 13.75
0.23 3.412 4.434 15.13
0.14 2.437 6.217 15.15
* Indicates presence of N'5.
t N"5 protein X 100. The glycine* contained 32.366 atom per cent N' of all glycine in medium
excess N'; the N'5 content of the glycine residue of L-leucylglycine* was 31.432 atom
per cent excess.
4: Trichloroacetic acid precipitate washed 3 times with 6 per cent trichloroacetic acid
solution.
§ Trichloroacetic acid precipitate washed 4 times with 6 per cent trichloroacetic acid
solution.
Medium contained 5 Oxford units of penicillin per ml.
in the last four lines of Table 2. As was to be expected, penicillin did not
alter the duration of the lag period for growth in the presence of leucyl-
glycine, but it did increase, by about 25 hours, the lag period in the presence
Exp.
no.
Protein-N
derived
from
glycine-N
ofmediat
37.1
36.7
35.2
35.3
40.8
41.3
43.3
43.0
5.603§ 35.6
6.588i: 40.7
35.0
42.5
46.7
46.8
413YALE JOURNAL OF BIOLOGY AND MEDICINE
of the amino acid mixture. Nevertheless, the utilization of glycine-nitrogen
for protein synthesis in the presence of penicillin did not differ from its
utilization in the absence of the antibiotic. Although it had been concluded
that penicillin interferes with the assimilation of glycine, the data in Table
2 do not indicate any alteration in the rate at which glycine-nitrogen enters
into the bacterial proteins once growth has started. It should be emphasized,
however, that these data describe the protein nitrogen of cultures only
during the final 2 or 3 cell divisions, and that at least 5 cell divisions had
occurred prior to the first sampling of the bacteria. Since the action of
penicillin on strain SF is to prolong the lag period without altering the
generation time, it may well be that an effect of penicillin on the uptake of
glycine-nitrogen would be observed only during the first one or two
generations.
Effect of glycine on the growth response to L-leucine. In an effort to
clarify the effect of glycine on the growth response of strain SF to leucine,
the organism was grown in media containing 0.001, 0.005, or 0.008 M
leucine, and each level of leucine was supplemented with 0.001, 0.003,
0.005, and 0.008 M glycine. The extent of growth observed with these
mixtures was determined almost entirely by the leucine concentration. The
addition of as much as 0.008 M glycine to 0.001 M leucine increased the
maximal turbidity of the culture only slightly above that observed with
0.001 M leucine alone. However, as little as 0.001 M glycine was sufficient
to reduce the lag period and to decrease the generation time characteristic
of the growth response to leucine. An increase in the glycine concentration
to 0.005 M did not reduce the lag period further, but stimulated the initial
growth rate appreciably.
The diphasic growth curve obtained with a mixture of 0.008 M leucine
+ 0.008 M glycine was described in an earlier section. Similar diphasic
curves were seen with mixtures of 0.005 M leucine + 0.008 M glycine, and
of 0.008 M leucine + 0.005 M glycine. In these curves, the growth rate
during the first rise seemed to be a function of the glycine concentration,
while the rate during the second rise was always similar to that for the
final portion of a growth curve for leucine alone.
The presence of 5 Oxford units of penicillin per ml. of medium produced
changes in the lag period similar to those observed earlier with unsupple-
mented glycine. As before, when the amino acid mixtures contained 0.001
M glycine, penicillin had no apparent effect on the duration of the lag
period; the inhibitory action was evident at glycine concentrations of
0.003 M or higher, and the prolongation of the lag period was most
pronounced at 0.005 M glycine.
Reversal of penicillin inhibition by L-leucylglycine. In order to determine
whether leucylglycine can reverse the inhibitory action of penicillin, media
containing penicillin and glycine (0.005 M) were supplemented with vary-
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ing amounts of the dipeptide (0-0.005 m). The growth curves obtained
with these media were compared with the curves for the same mixtures of
glycine and leucylglycine in penicillin-free media. A parallel experiment
was conducted in which leucine (0.005 M) also was present in the media.
Some of the growth curves for the more complex mixtures (glycine +
0.003 or 0.005 M leucylglycine; glycine + leucine + 0.0005-0.005 M leucyl-
glycine) exhibited the diphasic character previously observed with mixtures
of glycine + leucine. The optical density at which each diphasic curve
showed a change in growth rate appeared to depend upon the concentration
of leucylglycine in the medium. Furthermore, the second rise of the curve
was small with media containing leucylglycine + glycine, but was appreci-
able with media containing leucine in addition to the dipeptide and glycine.
These observations suggest that, under the conditions of the above experi-
ments, the metabolism of strain SF was directed initially toward the utiliza-
tion of leucylglycine for growth, and that the metabolism of the free amino
acids in the medium became the rate-determining factor only during the
latter stages of growth.
In a medium containing penicillin (5 Oxford units per ml.) and glycine
(0.005 M), as little as 0.0005 M leucylglycine was sufficient to produce a
demonstrable shortening of the lag period observed in the absence of the
dipeptide. With higher concentrations of leucylglycine (0.003-0.005 M),
penicillin inhibition was completely prevented.
The reversal of penicillin inhibition by leucylglycine may be explained
on the basis of the preferential utilization of the peptide for growth, noted
above. As shown earlier, the prolongation, by penicillin, of the lag period
in glycine-containing media appears to be a result of an inhibition of
glycine assimilation by strain SF. When leucine is also present in the
medium, the action of the antibiotic causes a concomitant delay in the
utilization of this amino acid, as well as glycine. It may be concluded, there-
fore, that the biochemical processes which determine the duration of the
lag period in a medium containing leucylglycine are different from those
which determine the initial growth response to the amino acid mixture.
The inhibition of glycine utilization by penicillin clearly involves a metabolic
reaction important for the initiation of the growth of strain SF in media
containing glycine and leucine as the sole organic nutrients. This metabolic
pathway appears to be circumvented when glycine is provided in the form
of leucylglycine, and the process blocked by penicillin does not seem to be
involved in the initial utilization of the dipeptide for growth. It is probable
that most of the subsequent metabolic transformations of the amino acid
residues of the dipeptide are similar to those characteristic of free glycine
and leucine; this is supported by the data, described earlier, dealing with
the incorporation of isotopic nitrogen into the bacterial proteins. These
latter processes do not appear to be significantly influenced by penicillin.
It may be of interest, in connection with the foregoing speculations, to
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mention some preliminary experiments which have been carried out in an
attempt to study the action of penicillin during the lag period. In these
tests, larger inocula (approximately 109 cells) than employed previously
were added to 10 ml. of media containing leucylglycine (0.005 M), leucine
(0.005 M), or a mixture of leucine (0.005 M) + glycine (0.005 M). Under
these conditions, the optical density of the cultures increased from about
0.05 to 0.44, corresponding to approximately 3 cell divisions. In media
containing leucylglycine or leucine, logarithmic growth began within 3
hours, both in the presence and in the absence of penicillin; the generation
times were the same as those observed with the smaller inoculum employed
in earlier experiments. With the large inoculum, the response of the culture
in the presence of the amino acid mixture was quite different from that
noted with leucylglycine or leucine. Logarithmic growth was initiated only
after ca. 15 hours; during this time, the turbidity of the culture increased
from an optical density of 0.05 to 0.075. A similar small increase in tur-
bidity was observed in the medium containing the amino acid mixture and
penicillin (5 Oxford units per ml.). In the presence of penicillin, however,
growth appeared to cease after 15 hours, and did not resume until 18 hours
later, when the logarithmic rate became evident. Although no viable cell
counts wereperformed during the stationary phase of growth in the presence
of the amino acid mixture and penicillin, the optical density of the culture
did not decrease, and this may be taken to indicate that the cell population
did not diminish significantly.
Behavior of strain SF grown in the presence of penicillin or incubated in
basal medium containing penicillin. It seemed of importance to determine
whether the growth of strain SF in media containing penicillin is a conse-
quence of the appearance, in the culture, of bacterial cells that are "adapted"
to the bacteriostatic action of the antibiotic. Therefore, cells were allowed
to grow to the maximal optical density on a mixture of leucine and glycine
(0.005 M of each) in the absence and in the presence of penicillin (5
Oxford units per ml.), and then were tested for their sensitivity to
penicillin. The growth response of such cells, on transfer to control media
containing leucylglycine, the mixture of leucine + glycine, leucine, or
glycine, and to a similar series of media supplemented with penicillin, gave
no indication of adaptation. The inocula which were taken from the medium
containing penicillin were just as sensitive to the antibiotic as the inocula
from penicillin-free medium.
In another experiment, cells (109 per 10 ml.) from an agar slant were
incubated in the basal medium with penicillin (50 Oxford units per ml.)
for 5 hours. Cell counts, made at the start of the incubation and after 2.5
and 5 hours, showed no detectable change in the number of viable cells. The
growth response of the cells was then tested by inoculation into a series of
media similar to that employed in the above experiments on adaptation.
Before transfer of the cells into the test media, the incubation culture was
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centrifuged, the supernatant solution was decanted, and the cells were
resuspended in water. Untreated controls (cells incubated in the basal
medium devoid of penicillin) responded to the amino acid mixture and to
glycine in the usual manner, and, in the presence of penicillin in the test
medium, exhibited the expected prolongation of the lag periods. The
growth response of the penicillin-treated cells to the amino acid mixture
and to glycine in test media to which penicillin had not been added was
identical with the growth response of the untreated controls and of
penicillin-treated cells in penicillin-containing test media. Thus, incubation
of strain SF in the basal medium containing penicillin led to an alteration
in the metabolic behavior of the organism. This alteration appears to be
TABLE 3
A REPRESENTATIVE EXPERIMENT SHOWING THE EFFECT OF SUPPLEMENTARY
CARBON COMPOUNDS
All media contained glycine (0.005 M). Penicillin was used at a level of 5 Oxford
units per ml. of medium.
Carbon compound Lag period Gene- Final
Concentration Penicillin Penicillin ration optical
of carbon absent present time* density*
moles per litcr hours hours hours
None 30 49 8 0.070
Glucose 0.0003 18 36 10 0.076
0.003 11 13 7 0.11
Glycerol 0.0003 24 44 9 0.070
0.003 20 26 7 0.11
Sodium 0.0003 20 38 10 0.070
acetate 0.003 10 13 6 0.10
* The generation time and the final optical density are not altered by the presence
of penicillin in the medium.
concerned with the ability of the cells to assimilate free glycine, for the
penicillin-treated cells gave completely normal growth in media containing
leucylglycine or leucine, but no glycine.
Reversal of penicillin inhibition by non-nitrogeneous compounds. It was
of interest to find that in the presence of glucose and of other non-
nitrogenous carbon sources (glycerol, acetate) in the medium, the inhib-
itory action of penicillin on glycine assimilation was counteracted (Table
3). The non-nitrogenous compounds were used in relatively low concentra-
tions so that the extent of growth in their presence would not be much
greater than that observed with unsupplemented glycine (0.005 M). When
the concentration of supplementary carbon was 0.0003 M, the presence in
the medium of glucose, glycerol, or acetate decreased the lag period, but had
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no effect on the extent of inhibition by penicillin. At a higher concentration
(0.003 M) of supplementary carbon, however, the lag period was greatly
reduced, and the effect of penicillin was almost completely overcome.
Glycerol was less effective in this regard than were glucose or acetate.
From these data it would appear that, when a sufficient quantity of a
readily utilized carbon compound is present in the medium, glycine assim-
ilation is not inhibited by penicillin. As will be shown in a later section of
this communication, strain SF, in the presence of glucose, utilizes glycine
primarily as a source of ammonia-nitrogen; earlier data have already
indicated that the utilization of ammonia for protein synthesis is not
inhibited by penicillin.
TABLE 4
A REPRESENTATIVE EXPERIMENT SHOWING THE EFFECT OF ALTERATIONS IN THE BASAL MEDIUM
The concentration of the dipeptide and of each amino acid was 0.005 M. Penicillin was used
at a level of 5 Oxford units per ml. of medium. Tiag denotes the lag period, and To, the
generation time.
Growth response
Saltsin medium
(gramsperliter)
NaCl K2
5.0
2.5
1.25
0
5.0
L-Leucyl-
glycine
L-Leucine +
glycine
Tlag
Pen. Pen.
ab- pres-
L-Leucine Glycine
Tlag
Pen. Pen.
ab- pres-
HPO4 KH2PO4 Tiag* TGt sent ent TGt Tiag* Tot sent ent Tot
hrs. hrs. hrs. hrs. hrs. hrs. hrs. hrs. hrs. hrs.
2.0 1.0 8 9 16 26 9 20 22 28 42 9
2.0 1.0 9 6 16 19 8 22 20 28 32 8
2.0 1.0 9 5 15 14 7 20 16 26 28 6
2.0 1.0 8 5 15 14 5 20 16 27 27 5
0.2 0.1 8 9 15 16 8 20 16 27 27 8
* The presence of penicillin in the medium does not affect the lag period in media containing
leucylglycine or leucine.
t The generation time is the same in the presence and in the absence of penicillin.
Effect of changes in the basal miediuim on penicillin inhibition. Experi-
ments in which the concentrations of sodium chloride and of phosphate in
the basal medium were varied indicate that the inhibitory effect of penicillin
on the growth of strain SF is influenced by the inorganic ions in the
medium (Table 4). In media in which the concentrations of either the
sodium chloride or of the phosphate were decreased, penicillin (5 Oxford
units per ml.) had little or no inhibitory effect on the growth response to
glycine (0.005 M) or to the mixture of leucine (0.005 M) + glycine (0.005
M). It is of interest that variations in the inorganic salts of the medium
significantly alter the generation time of strain SF, but do not influence
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markedly the duration on the lag period. Further experiments are required
to elucidate the role of the inorganic ions of the basal medium in the
response of strain SF to penicillin.
Utilization of various amino acids for growth. In Table 5 are given the
results of experiments in which a number of amino acids were tested for
TABLE 5
A REPRESENTATIVE EXPERIMENT SHOWING THE GROWTH RESPONSE TO AMINO ACIDS
The amino acids were the sole organic nutrients added to the basal medium. Unless
otherwise noted, the concentration of each amino acid was 0.005 m. The first turbidity
measurement was made 14 hours after inoculation.
Amino acid
Glycine
L-Alanine
L-Serine
L-Cystine
DL-Threonine
L-Asparagine
L-Valine
L-Glutamic acid
L-Proline
L-Methionine
L-Leucine
L-Isoleucine
L-Lysine *HCI
L-Histidine *HCI
L-Arginine *HCI
L-Phenylalanine
L-Tyrosine (0.002 M)t
L-Tryptophan
L-Leucine + glycine
L-Serine + glycine
L-Isoleucine + glycine
Lag period
hours
30
14
35
>140
<14
<14
<14
<14
ca. 140
20
90
<14
25
<14
<14
15
15
30
Generation
time
hours
8
5
22
S
S
5; 10*
6
24
ca. 40
6
10
7
9
8
8
8
Final optical
density
0.079
0.18
0.16
0 at 182 hours
0.041 at 182hours
0.20
0.33
0.26
0.35
0.020 at 182 hours
0.46
0.47
0 at 182hours
0.33
0 at 182 hours
0.45
0.25
ca. 0.45i
0.46
0.22
0.45
* Growth curve diphasic. The change in slope occurred at a density of about 0.15.
t At a concentration of 0.005 M, tyrosine precipitated out of the medium after it has
been autoclaved. Growth under these conditions is accompanied by the development
of a red color in the medium.
t A red color appears in the medium during the latter part of the growth period.
their ability to serve as the sole sources of carbon and nitrogen for the
growth of strain SF. Of the amino acids tested, L-cystine, L-lysine, and
L-arginine showed no growth-promoting action whatever, and DL-threonine
and L-methionine were only slightly effective. As will be seen from Table 5,
there was considerable variation in the duration of the lag period and in the
generation time, depending on the growth-promoting amino acid present;
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the extent of growth was approximately proportional to the carbon content
of the medium. Penicillin (5 Oxford units per ml.) had no detectable effect
on the growth response to any amino acid except glycine.
It was noted earlier that the growth response of strain SF to leucine was
characterized by a prolonged lag period and generation time. Serine and
isoleucine caused a similar growth response. Furthermore, the response of
the organism to equimolar mixtures of serine + glycine or of isoleucine
+ glycine resembled that observed with a mixture of leucine + glycine
(Table 5). The inhibitory action of penicillin in media containing the
TABLE 6
A REPRESENTATIVE EXPERIMENT SHOWING THE GROWTH RESPONSE TO PEPTIDES
Concen- Lag Generation Finaloptical
Peptide tration period time density
molesper
liter hours hours
L-Leucylglycine 0.0025 8* 8 0.25
L-Leucylglycine 0.005 8* 8 0.44
L-Leucylglycylglycine 0.005 ca. 15t t 0.49
L-LeUCYI-L-tyrOsine 0.005 15* 10 0.57
GIYCYy-L-leucine 0.0025 19* 12 0.23
Glycyl-L-leucine 0.005 19* 12 0.47
Glycyiglycine 0.005 25* 17 0.12
Glycyl-D-leucine 0.0025
Glycyl-L-leucylglycine 0.0025
Glycyl-D-leucylglycine 0.0025
Glycyl-L-leUCYI-L- No visible growth after
leucine 0.0025 incubation for 264 hours.
Glycyl-L-leucyl-D-
leucine 0.0025
Glycylglycyl-L-leucyl-
glycine 0.0025
* Five Oxford units of penicillin per ml. of medium had no inhibitory effect.
t Penicillin effect has not been tested.
t Generation time not determined.
mixture of leucine + glycine was evident in media containing the mixture
of serine + glycine or of isoleucine + glycine. These observations suggest
that, in the assimilation of the three amino acid mixtures investigated thus
far, there is a similar metabolic process which is inhibited by penicillin.
Although penicillin inhibited growth in media containing glycine (0.005
M) supplemented with carbon (0.015 M) supplied as serine, no inhibition
was noted when supplementary carbon (0.003 M) was supplied as glucose,
glycerol, or acetate (cf. Table 3). In the absence of penicillin, the growth
responses in both types of media were similar, as might have been expected
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from the known metabolic relationship of serine to intermediates in carbo-
hydrate metabolism, via pyruvic acid. The difference in the penicillin effect,
however, provides additional evidence for the view that the antibiotic blocks
the assimilation of amino acids.
Utilization of various peptides for growth. A number of peptides of
leucine and of glycine were tested for their ability to serve as sources of
nitrogen and of carbon in the growth of strain SF (Table 6). Glycyl-L-
leucylglycine, glycyl-L-leucyl-L-leucine, and glycylglycyl-L-leucylglycine did
not promote bacterial growth; this indicates that, under the experimental
conditions employed, the organism is unable to obtain leucine or glycine
from these peptides. This is in contrast to the behavior of a leucineless
mutant of Escherichia coli which can readily use all three compounds to
satisfy its requirement for an exogenous source of leucine.'
Strain SF was able to utilize glycyl-L-leucine for growth; the growth
curves at concentrations of 0.0025 to 0.02 M were identical except for the
maxima, which increased with increasing concentrations of the dipeptide.
The response to glycyl-L-leucine was characterized by a longer lag period
and a longer generation time than those noted with L-leucylglycine or an
equivalent mixture of leucine + glycine. However, penicillin did not inhibit
growth on glycylleucine, and, in this respect, the growth response to glycyl-
leucine differs profoundly from the response to the mixture of leucine +
glycine.
The dipeptide L-leucyl-L-tyrosine also was utilized by strain SF for
growth. With 0.002 M leucyltyrosine, the lag period was 15 hours and the
generation time was 10 hours. On the other hand, growth on a mixture of
tyrosine (0.002 M) + leucine (0.002 M) was characterized by a shorter
lag period (less than 14 hours) and a shorter generation time (7 hours).
It would appear, therefore, that the less effective utilization of the dipeptide
may be a consequence of the fact that enzymatic hydrolysis of the compound
is the initial step in its metabolism. A similar conclusion may be offered in
the case of the utilization of glycylleucine by strain SF.
Glycylglycine was found to promote the growth of strain SF at all
concentrations tested (0.0025-0.04 M). The extent of growth increased as
the concentration of the dipeptide was raised, but the lag periods were
approximately the same (about 25 hours). This may be contrasted with the
increasing lag period (30 to 90 hours) observed with glycine at concentra-
tions of 0.005 to 0.02 M, and with the absence of growth at a glycine con-
centration of 0.04 M. The generation time in the presence of glycylglycine
(17 hours) was about twice as long as that for glycine, which suggests that
glycylglycine, like glycyl-L-leucine and L-leucyl-L-tyrosine, may be hydro-
lyzed as the initial step in its utilization for growth.
With concentrations of glycylglycine up to 0.01 M, the extent of growth
was approximately the same as that produced by equivalent concentrations
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of glycine. However, penicillin (5 Oxford units per ml.) did not inhibit
the growth response to any concentration of the dipeptide employed in
these experiments. It will be recalled that penicillin had a marked effect in
media containing glycine at a concentration of 0.03 M or higher. Thus, the
results of tests with glycylglycine offer additional support for the view that
the assimilation of glycine per se differs from the assimilation of glycine
supplied to strain SF in the form of glycine peptides.
Growth of strain SF in media containing glutcose
Growth response to L-leucylglycine, L-leucine, and glycine. In Table 7
are presented the data obtained in an experiment in which leucylglycine
(0.005 m), leucine (0.005 M), glycine (0.005 M), or a mixture, of leucine
(0.005 M) + glycine (0.005 M) was added to the basal medium supple-
TABLE 7
A REPRESENTATIVE EXPERIMENT SHOWING THE GROWTH RESPONSE
OF STRAIN SF IN MEDIA CONTAINING GLUCOSE
Each nitrogenous compound was present in a concentration of 0.005 M. The
concentration of glucose was 0.017 M.
Finaloptical
Test compound Lag period Generation time density
hours hours
L-Leucylglycine 4.5 8 1.19
L-Leucine + glycine 4.5 8 1.21
L-Leucine ca. 18 ca. 30 0.51
Glycine 4.5 7 1.06
mented with glucose (0.017 M). The growth response was the same in
media containing leucylglycine, glycine, or the amino acid mixture, but
with leucine the lag period and generation time were longer and the extent
of growth was much less. The limited growth with leucine may be due to
the fact that the final pH of the medium was 3.5 while, with the other test
compounds, the final pH was never lower than 6.5. Cultures of strain SF
in a medium containing glucose and leucine developed an odor characteristic
of fatty acids. This observation merits further study.
The maximal growth observed with leucylglycine as the nitrogen source
corresponded to an optical density of about 1.1, and was produced by a
peptide concentration of 0.003 M and higher. Glycine (0.006 M) or a mix-
ture of 0.003 M glycine + 0.003 M leucine gave the same optical density.
In the glucose-containing medium, the extent of growth in the presence of
ammonium chloride was the same as that produced by equivalent concen-
trations of the organic nitrogen compounds. These results suggest that,
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under these conditions, the test compounds were merely serving as nitrogen
sources. The inhibitory action of high concentrations of glycine, observed
previously in glucose-free media, also was evident in media containing
glucose. At glycine concentrations of 0.04 M or higher, the organism did not
grow, and, at a concentration of 0.03 m, growth occurred only after a
prolonged lag period.
Action of penicillin. In the glucose-containing medium, penicillin (5
Oxford units per ml.) had no bacteriostatic action on strain SF when
glycine (0.005 M) served as the nitrogen source. This was also true at a
much higher penicillin concentration (300 Oxford units per ml.); at 1000
Oxford units per ml., however, some toxic action became apparent. At the
latter level, the lag period in the presence of leucylglycine or of leucine was
prolonged about 9 hours; this was probably due to the bactericidal action
of the antibiotic, since cell counts made 5 hours after inoculation showed
that only 5-10 per cent of the cells of the original inoculum were viable.
In the presence of glycine or of the mixture of leucine + glycine, the lag
period was prolonged about 30 hours when the medium contained 1000
Oxford units of penicillin per ml. The viable cell count, made 5 hours after
inoculation, showed the same "kill" of 90-95 per cent found for media
containing leucylglycine or leucine. The prolonged lag periods may have
been due to further destruction of the viable cells remaining in the media
after the 5-hour sampling, or to the bacteriostatic action of penicillin
observed in glucose-free media, or to a combination of the two effects. In
any event, strain SF appeared to be much more sensitive to the action of
penicillin in media containing free glycine than in media containing a
peptide of glycine.
Utilization of glycine-nitrogen for protein synthesis. Since the data
obtained for the growth response of strain SF to leucylglycine and to the
mixture of leucine + glycine in the medium containing glucose suggested
that, under these conditions, the peptide and amino acids served merely as
sources of nitrogen, it seemed desirable to investigate the relative extent to
which the nitrogen of glycine or of the glycine residue of the peptide is
utilized for protein synthesis. Isotopic glycine and isotopic leucylglycine,
therefore, were supplied to the organism in a glucose-containing medium,
and the N15 content of the bacterial proteins was determined after the
culture had reached maximal growth. These tests were conducted in
parallel to Experiment I cited in Table 2; the procedure was the same as
that described previously.*
A comparison of the data presented in Table 8 with those given in Table
2 shows that, under comparable conditions, glycine-nitrogen is utilized
* Theauthors are greatly indebted to Dr. Henry D. Hoberman for the isotopic glycine
used in these experiments. They wish also to acknowledge the generous cooperation
of Dr. Hoberman and Mr. Joseph Doolittle in the conduct of the isotope experiments.
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more effectively for protein synthesis in glucose-containing media. It is
of interest that no appreciable difference was noted in the extent of N15
incorporation from isotopic glycine and from an equivalent amount of
isotopic leucylglycine. However, the N15 was incorporated into the bacterial
proteins to a greater extent when the glycine concentration of the medium
was 0.005 M than at a level of 0.0025 M glycine. These results support the
TABLE 8
N'1 EXPERIMENTS WITH STRAIN SF GROWN IN MEDIA CONTAINING GLUCOSE
The glucose concentration was 0.01 M.
Test compound* . Optical Protein-N
density derived from
Concen- of N' in cell glycine-N
tration culture protein of mediat
moles per atom %
liter excess
L-Leucylglycine* 0.0025 0.92 15.896i: 50.6
0.0025 0.92 15.956§ 50.8
0.005 0.84 17.405t 55.4
0.005 0.85 18.406§ 58.6
L-Leucine + 0.0025 0.99 16.3164: 50.4
glycine* of each 1.00 16.305§ 50.4
0.005 0.97 17.595t 54.4
of each 0.96 17.555§ 54.3
L-Leucylglycine* + 0.0025 0.85 8.510t 54.1
glycine + L-leucine of each 0.87 8.965§ 57.0
L-Leucylglycine + 0.0025 0.92 9.325t 57.6
glycine* + L-leucine of each 0.93 9.345§ 57.6
* Indicates presence of N'5.
N'5 in cell protein
tN5 of all glycine in medium X 100 The glycine* contained 32.366 atom per cent
excess N'5, and the glycine residue of L-leucylglycine* 31.432 atom per cent excess.
t Trichloroacetic acid precipitate washed 3 times with 6 per cent trichloroacetic
acid solution.
§ Trichloroacetic acid precipitate washed 4 times with 6 per cent trichloroacetic acid
solution.
view that, in the presence of glucose, strain SF utilizes glycine and
leucylglycine principally as sources of nitrogen. This is in contrast to the
response of the organism in glucose-free media, where a marked difference
was noted in the utilization of free glycine and of peptide glycine, thus
illustrating further the striking variations in the nitrogen metabolism of
strain SF when the sources of carbon are altered.
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Summary
The growth of strain SF, a Gram-negative bacillus, to the dipeptide
L-leucylglycine is characterized by a shorter lag period than that observed
with an equivalent mixture of L-leucine and glycine, when these test sub-
stances serve as the sole carbon and nitrogen sources for the organism.
Strain SF can utilize a number of amino acids as the sole sources of carbon
and nitrogen, but of those which have been tested, L-cystine, L-lysine,
L-arginine, L-methionine, and DL-threonine were ineffective in promoting
bacterial growth. The growth response to glycine, but not to the other
amino acids tested, is inhibited by penicillin. When glycine is supplied in
the form of the peptides L-leucylglycine, glycyl-L-leucine, or glycylglycine,
the bacteriostatic action of penicillin is not evident.
Penicillin inhibition of growth in a medium containing glycine is
prevented by the addition of L-leucylglycine but not by the addition of
L-leucine, L-isoleucine, or L-serine. Relatively small amounts of glucose,
glycerol, or acetate also reverse the bacteriostatic action of penicillin. The
bacteriostatic action of the antibiotic can also be altered by changes in the
concentrations of the inorganic salts in the basal medium. The bactericidal
action of high concentrations of penicillin is more pronounced in media
containing glucose and glycine than in media containing glucose and
L-leucylglycine or L-leucine.
Experiments with glycine and with L-leucylglycine containing N15 in the
glycine-nitrogen show that the nitrogen of the free amino acid is used more
effectively for protein synthesis than is the nitrogen of peptide glycine only
if the cells are grown in the absence of glucose. However, more of the
nitrogen of both free and peptide glycine is incorporated into the bacterial
proteins in the presence of glucose than in the absence of the carbohydrate.
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